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1. INTRODUCTION 

This document comprises the final report for the Advanced Metallic Fuselage Cost Study.  The 
purpose of this study was to explore the potential cost and production throughput benefits due 
to incorporating Integrally Stiffened Cylinder (ISC) and friction stir welding technologies into 
the manufacturing of outer fuselage shells for commercial aircraft 
 
1.1.  METHODOLOGY 

This study was performed in the following steps: 
1. Select reference aircraft – National Aeronautics and Space Agency (NASA) selected the 

Boeing 737-800 to serve as a point of comparison. Similarity to the target next-generation 
single aisle aircraft, as well as availability of technical data were the primary selection 
criteria. 

2. Establish technical descriptions for reference aircraft – NASA provided technical 
descriptions of the reference aircraft in sufficient detail to support life cycle cost estimating. 

3. Estimate Direct Operating Costs (DOCs) for reference aircraft and compare to actual 
costs – Tecolote used the Probabilistic Technology Investment Ranking System (PTIRS) 
to estimate DOCs for the reference aircraft Costs were then validated against actual costs 
from the Bureau of Transportation Statistics (BTS) database. 

4. Recalibrate cost model and assumptions as necessary – based on the validation results, 
adjustments were made to certain key estimating assumptions to drive the estimated results 
to be as close as possible to the corresponding actual costs. 

5. Develop new cost estimating relationships for ISC hardware as required – The PTIRS 
model includes Cost Estimating Relationships (CERs) for all commercial aircraft 
subsystems.  However, ISC technology affects aircraft manufacturing cost at a lower level 
of detail than that at which PTIRS estimates. ISC technology only applies to the outer shell 
portion of the center fuselage, whereas PTIRS estimates cost at the total fuselage level. A 
cost estimating methodology was developed that would first isolate and remove the cost of 
the traditional, riveted skin-stringer outer fuselage shell and then replace it with the cost of 
an ISC-based outer fuselage. 

6. Develop technical descriptions of both the traditional skin-stringer outer fuselage 
shell and the new ISC outer shell – NASA and Tecolote collaborated to develop a detailed 
understanding of traditional 737-800 outer shell manufacturing processes, as well as a 
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consensus understanding of how those processes would vary with the introduction of ISC 
technology. 

7. Augment PTIRS to estimate factory throughput – A key potential benefit of ISC 
technology is the potential to improve factory throughput. Tecolote augmented the PTIRS 
with a factory floor model to estimate possible throughput benefits. The principle is that 
production time scales with effort required (staff-hours or tool-hours) divided by resources 
available (people or machines) and that resources available are constrained by factory floor 
space. 

8. Estimate DOC plus Interest (DOC+I) for baseline and ISC-enhanced aircraft to 
quantify economic impacts – Tecolote used the PTIRS model to estimate DOC+I for the 
baseline configuration and the ISC-enhanced configuration to quantify the magnitudes and 
associated probabilities of economic impacts. Sensitivities to key parameters driving 
economic impacts can be determined from the body of results. 

 
1.2.  DIRECT OPERATING COST PLUS INTEREST 

DOC+I includes the following elements: 
 Aircraft ownership costs – Aircraft ownership cost is the cost to the airline of 

acquiring the aircraft amortized over the operating life of the aircraft The aircraft 
acquisition cost is the price paid by the airline to the manufacturer. The price includes 
the cost of manufacturing the aircraft as well as the cost of developing the aircraft 
amortized over all production units. Additionally, the price includes interest accrued 
by the manufacture for all money invested in developing and producing the aircraft 
during the time when the money was invested to the time the investment was recovered 
at the sale of the aircraft In actual reported airline costs, aircraft ownership cost is either 
shown as depreciation when the aircraft is owned by the airline or flight equipment 
rental cost when the aircraft is owned by a second party. 

 Energy costs – Energy cost is the cost of jet fuel and in the case of electrified 
propulsion aircraft, also includes the ground-supplied electricity used in flight. Fuel 
taxes and cost of lubricants and other expendable fluids are included. 

 Maintenance costs – Maintenance costs include the labor and material costs associated 
with engine, airframe, and subsystems. Included are flight-line maintenance as well as 
scheduled and unscheduled heavy maintenance and overhauls (C-checks and D-
checks). 
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 Flight crew costs – Flight crew costs include all cost associated with cockpit personnel 
including salaries, payroll taxes, benefits, training costs, and overnighting costs. 

 Insurance – Hull insurance is included. 

 Flight equipment financing cost – DOC+I includes the interest (the “+I” in DOC+I) 
paid by the airline on money invested in purchasing aircraft during ownership of the 
aircraft This interest is accrued to the lessor and is embedded in the rent paid by the 
airline in the case of leased aircraft  

 
DOC+I, as considered in this study, excludes technology maturation costs prior to full-scale 
development. At the other end of the life cycle, disposal costs, or credits for sale of aircraft not 
fully depreciated are also excluded. Finally, airline indirect costs, such as ticketing, 
promotions, and corporate management are excluded. 
 
DOC+I estimates in this study are expressed in terms of cost per seat-mile for comparative 
purposes. This allows for meaningful comparisons of aircraft of different seat numbers when 
necessary. 
 
DOC+I is an important economic metric to use for this study because it is a comprehensive 
metric that captures all aircraft-driven investment cost as well as aircraft-driven operating costs 
– DOC+I improvements correspond directly to profit increases for airlines. However, as the 
subject of this study is a manufacturing technology, it was also necessary to drill down and 
focus on manufacturing cost, since this corresponds to profit increases for manufacturers. 
 
1.3.  THE PTIRS MODEL 

PTIRS is a tool used to build a business case for incorporating a technology or suite of 
technologies on a future system. PTIRS has the following features: 

 Excel-based tool 
 Combines a complete life-cycle economic analysis model 
 Infinitely flexible technology cost estimating tool (CER library) 
 Integrated weight resizing tool 
 Pervasive Monte Carlo risk analysis capability 

 
PTIRS is used to determine whether new technologies make economic sense: 
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 What is the probability that a technology will pay for itself over the lifetime of the 
aircraft? 

 What is the expected magnitude of savings? 
 
PTIRS was developed for NASA by Tecolote in support of the Environmentally Responsible 
Aviation Project in 2012. PTIRS is documented in the Probabilistic Technology Investment 
Ranking System (PTIRS) Final Report [1]. Figure 1 depicts the flow of a business case analysis 
using PTIRS. 
 

 
Figure 1. PTIRS analysis flow. 

First, a reference configuration is selected, as depicted by the first orange-shaded arrow ( ). 
The reference configuration defines a complete aircraft lifecycle including a moderately 
detailed description of the aircraft in terms of both performance and design, and well as 
programmatic details such as development and production milestones, fleet size, and 
operations life. 
 
Next, the user describes the impact on the aircraft’s design and performance of inserting a 
technology (or technologies), as denoted by the tan-shaded arrows ( ).  As part of this step, 
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CERs for any new, unique hardware or software required to implement technologies are 
selected ( ). The PTIRS Technology Cost Tool guides the user through this selection process.  
 
Finally, the user can review the model results (including technical results) produced by the 
PTIRS Weight Resizing Module ( ), plus the economic results produced by the PTIRS 
Economic Analysis Module ( ). 
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2. VALIDATION OF PTIRS FOR 737-800 APPLICATION 

The PTIRS model was originally developed with single aisle and wide body aircraft in mind, 
such as the 737-800-like baseline aircraft PTIRS was used to estimate DOCs for this baseline 
to verify the model by ensuring that the programmatic and operational inputs were realistic. 
The costs were then validated against actual costs from the Bureau of Transportation Statistics 
(BTS) database [2]. Table 1, Table 2, and Table 3 list the inputs used to describe the baseline 
aircraft and associated development, production, and operating scenarios for cost estimating 
purposes. 

Table 1. Programmatic Inputs for 737-800-like Cost Analysis Baseline 

 
 
 

Table 2. Performance Inputs for 737-800-like Cost Analysis Baseline [3] 
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Table 3. Aircraft Design Inputs for 737-800-like Cost Analysis Baseline [3]  
 

 
 
2.1.  737-800 VALIDATION RESULTS 

The PTIRS model was used to estimate DOCs for the 737-800-like reference configuration 
described by NASA. This estimate was compared to the actual DOCs for that aircraft As a 
significant portion of DOC is aircraft ownership cost, the PTIRS-estimated aircraft price was 
compared to the publicized price for the 737-800, adjusted by a factor representing typical 
markups between publicized prices and actual negotiated prices. This factor was derived from 
revenues and deliveries reported in Boeing annual “10K” reports. 
 
Figure 2 shows actual DOCs for the Boeing 737-800. This data is from the BTS Form 41 
database [2], spans the timeframe from 1990 through 2020, and covers all U.S. domestic 
flights. The schematic depicts a Microsoft Power BI dashboard that was developed by Tecolote 
to summarize the DOCs for a selected aircraft in cost categories corresponding to those 
estimated by the PTIRS model. The donut graph in the upper left shows the breakout of DOC 
for the selected aircraft type in terms of cost per block hour (flight time plus taxi time). The 
block in the upper right shows the following metrics: 

 Typical Flight, Miles – the total point-to-point distance, in nautical miles, for the fleet 
of aircraft of the selected type operating on domestic routes over the time span shown 
in the “Total Block Hours (khr) by Fiscal Year (FY)” graph, divided by the total number 
of flights of that aircraft type over that time period; 
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 Typical Flight, Hours – the total block hours for the fleet of aircraft of the selected 
type operating on domestic routes over the time span shown in the “Total Block Hours 
(khr) by FY” graph, divided by the total number of flights of that aircraft type over that 
time period; 

 Peak Departures/Year – the total number of flights for the fleet of aircraft of the 
selected type operating on domestic routes in the year with the maximum number of 
flights; 

 Seat-Miles/Gallon – the number of passenger seats available on the selected aircraft 
type, times the total point-to-point distance for the fleet of aircraft of the selected type 
operating on domestic routes over the time span shown in the “Total Block Hours (khr) 
by FY” graph, divided by divided by the total gallons of fuel consumed by that aircraft 
type over that time period; 

 FY2020$/Gallon – the total amount paid for fuel for the fleet of aircraft of the selected 
type operating on domestic routes over the time span shown in the “Total Block Hours 
(khr) by FY” graph, normalized to FY2020 inflationary dollars, divided by the total 
gallons of fuel consumed by that aircraft type over that time period (i.e., the actual, 
realized cost of fuel); 

 Gallons/Hr – the total gallons of fuel consumed by the fleet of aircraft of the selected 
type operating on domestic routes over the time span shown in the “Total Block Hours 
(khr) by FY” graph, divided by the total block hours flown by that fleet over that time 
period; 

 Seat Utilization – the average number of passengers carried on each flight for the fleet 
of aircraft of the selected type operating on domestic routes over the time span shown 
in the “Total Block Hours (khr) by FY” graph, divided by the number of passenger 
seats available on the selected aircraft type; and 

 DOC/Seat-Mile – the grand total DOC for the fleet of aircraft of the selected type 
operating on domestic routes over the time span shown in the “Total Block Hours (khr) 
by FY” graph, normalized to FY2020 inflationary dollars, divided by the product of 
the number of passenger seats available on the selected aircraft type, and the total point-
to-point distance flow by that fleet over that time period. 
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The lower left panel of Figure 2 shows the total block hours per year flown by the fleet of 
aircraft of the selected type operating on domestic routes on a year-by-year basis. The lower 
right panel lists the airlines operating the type and allows specific airlines’ costs to be included 
or excluded. In this case, all operators are included.  

 

Figure 2. BTS DOC and usage data for 737-800.  

 
Table 4 shows the actual costs from Figure 2 side-by-side with the corresponding PTIRS-
estimated costs. Airlines do not report interest costs by aircraft type in the Form-41 data. 
Therefore, interest cost (see Ground Rules and Assumptions) was added on flight capital in the 
center column to make the Rent/Depreciation costs equivalent to those estimated by PTIRS 
(i.e. DOC+I instead of just DOC). 
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Table 4. Actuals versus Estimates for 737-800  

 
The most significant deviation between the estimate cost and Form-41 actual cost is the hourly 
cost of fuel.  This appears to be partly because the NASA Flight Optimization System’s 
estimated baseline fuel burn is 883 gal/hr but actual historical fuel burn is less at 775 gal/hr 
However, at the Total DOC+I level, results are reasonably close. The demonstrated accuracy 
is deemed sufficient, since the model is used for comparative estimating, and focus is on the 
cost difference between baseline and ISC-enhanced aircraft 
 
2.2.  ADJUSTMENTS DUE TO VALIDATION 

During the model validation effort, it was discovered that an adjustment was needed to one of 
the key estimating assumptions. The PTIRS maintenance CERs are sensitive to aircraft 
utilization and if the aircraft utilization is low, then maintenance costs per flight hour will be 
unrealistically high. The utilization in the original baseline inputs was low. Utilization was 
adjusted based on the following formula: Flights per Year = Fleet Size * 365* Typical Flight 
Duration * Flight Hours per Day. For Flight Hours per Day, the worldwide average daily 
usage for single aisle aircraft of 3.4 hr/day [4] was used. 
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3. FUSELAGE COST ESTIMATING METHODS 

ISC technology affects aircraft manufacturing cost at a lower level of detail than that at which 
PTIRS estimates. ISC technology only applies to the outer shell portion of the center fuselage, 
whereas PTIRS estimates cost at the total fuselage level. Tecolote developed a cost estimating 
methodology that would first subtract out the cost of the traditional, riveted skin-stringer outer 
fuselage and then add in the cost of an ISC-based outer fuselage. A new “mini-model” was 
developed to accomplish that substitution and added to the PTIRS CER library. That model 
was delivered to NASA as a stand-alone tool to be used in future studies focused strictly on 
manufacturing costs and factory throughput. 
 
3.1.  FUSELAGE PRODUCTION 

The first step in assessing production cost impact was to determine the overall dimensions of 
the fuselage portion impacted, since ISC applies only to the outer shell of the constant-cross-
section portion of the fuselage. Table 5 lists these dimensions and the figures referenced in the 
table show how the dimensions were derived. The parameter at the bottom of Table 5 
represents the portion of the fuselage circumference in which the frames extend fully to the 
inner skin surface and are riveted directly to the skin (the bottom lobe) as shown in a “Spirit 
AeroSystems: 737 Rapid Build” video [5]. In the remaining portion (the top lobe), the fames 
do not attach directly to the skin [5]. 
 

Table 5. Key Technical Inputs Applicable to Both Baseline and ISC-based 
Configurations 

Value Description Rational 
63.0 ft Overall length of section Measured from [6] 
12.33 ft Outside diameter of section Measured from [6] 

50% Portion of circumference where frames attach 
directly to skin in addition to stringers 

Estimated from [5] 

3.1.1. TRADITIONAL RIVETED SKIN AND STRINGER 

The next step was to estimate the production cost of the affected portion of the fuselage so that 
the amount could be subtracted from the total fuselage cost once the overall dimension had 
been established. This required estimating the cost of fabricating and assembling only the 
components in a traditional skin-stringer fuselage that would be replaced with ISC technology, 
namely: outer skin panels, stringers, gussets to connect stringers to circumferential frames, and 
rivets to fasten these components together. Fortunately, a literature search revealed an open-
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literature model which estimates the costs of the fuselage production at the level of detail of 
drilling and setting individual rivets. This model which will be hereinafter referred to as the 
Castagne model. It is a detailed manufacturing process cost model, with parametric CERs that 
address each manufacturing step in terms of labor hours and material costs. The following is 
an example of a parametric CER from Castagne [7]:  
 

 
 

This CER estimates labor cost for stringer fabrication (cf
Z-stringer) in generic time units based on 

stringer length in mm (LZ-stringer). The Castagne model includes CERs for skin sheet material, 
skin panel chemical milling labor and process costs, stringer material, stringer fabrication 
labor, gusset material, gusset fabrication labor, rivet material, and rivet drilling and setting 
(either manual or robotic).  
 
The Castagne report [7] uses generic units to protect the proprietary cost data of their industrial 
partner, Bombardier, and to make the model currency-agnostic. All labor and process costs are 
estimated in generic units which are defined as the time in seconds to robotically set one rivet. 
A representative time for setting a rivet robotically was needed to make use of the model. A 
representative time of 8.336 seconds for each rivet was extracted from a 2013 Bombardier 
press release [8]. Material costs are estimated in generic units defined as the cost of one button-
head aluminum rivet of unspecified size. To calibrate the material CERs, an average cost of 
$0.035 per rivet for rivet sizes ranging from 3/32 in by 1/8 in to 3/16 in by 1 in was calculated 
based on catalog prices from Aircraft Spruce [9]. While these calibration factors may not be 
precisely the ones used in normalizing the CERs in the Castagne report [7], the values adopted 
should be of the right order of magnitude. The estimated theoretical first (T1) unit cost for the 
skin-stringer outer shell of the constant-cross-section part of the fuselage, from the calibrated 
Castagne model ($5.2M from Table 6 below), was compared to the total fuselage T1 estimated 
by PTIRS for the Boeing 737-800-like baseline ($20.8M) to verify that the calibration factors 
used are reasonable. That the outer shell of the constant-cross-section portion of the fuselage 
would cost roughly a quarter of the complete fuselage cost is intuitively pleasing given that the 
total fuselage cost includes the cost of heavy and complex features such as landing gear tie-ins 
and enclosures, wing carry-throughs, floor beams and panels, windows, doors, etc. 
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Table 6 lists and describes the elements of the Castagne-based model used to estimate the 
traditional riveted skin-stringer costs which will be subtracted from the PTIRS-estimated 
total fuselage costs. Included in the cost table are the rivet counts which are a key 
intermediate estimating result. The results shown are from the nominal case shown in the 
second row of the Results Summary (Table 14). Note that all the cost results were estimated 
by CERs from Castagne [7] except for the last row which was estimated by a generic cost 
factor from the PTIRS model relating Quality Control and recurring engineering costs to 
touch-labor cost. 
 

Table 6. Cost Elements Applicable to Baseline Skin-Stringer Configuration 

 
 

 

Table 7 shows the parametric inputs, which correspond to the costs shown in Table 6, that are 
used for the model. The rightmost column in the table identifies the source for each input and 
the figures referenced in the table illustrate the inputs. 
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Table 7. Technical Inputs Applicable to Baseline, Skin-Stringer Configuration 

Value Description Rationale 

 
The portion of rivets set robotically has a significant impact on riveting cost. As mentioned 
above, the labor and machine time portions of the Castagne cost model were calibrated to the 
time to set an individual rivet robotically, which was estimated herein as 8.336 seconds. The 
corresponding time to manually set an individual rivet was estimate by the Castagne model as 
2.22 times that, or 18.51 seconds. No attempt has been made to allocate manual or automatic 
riveting to specific applications – the cost factors were applied to the total number of rivets, 
with half the rivets estimated at 8.336 seconds per rivet and half the rivets estimated at 18.51 
seconds per rivet. 
 
3.1.2. ISC 

The final step in determining production cost impact was to estimate the production cost of the 
affected portion of the fuselage incorporating ISC technology so that it could be added back 
into the total fuselage production cost. 
 
A parametric CER was developed to estimate the cost of forming ISC barrel sections and 
joining them together via friction stir welding. This CER was based on observed costs for 
production of an ISC Manufacturing Demonstration Article (MDA) provided by NASA [13] 
as well as estimates from a prior NASA study of production of ISC-based launch vehicle stage 
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structures [14]. Figure 3 shows resulting parametric CER which was fit using log-least-squares 
regression. 
 

 

Figure 3. CER for Forming ISC Barrel Sections and joining via Friction Stir Welding. 

Only the NASA-provided MDA cost data [13] included a clean breakout of the cost of 
friction stir welding the barrel sections together. Therefore, that data was used to develop a 
breakout factor to determine the portion of the overall cost estimated by the parametric CER 
above that is represented by welding. This factor is 0.33, meaning that one third of the cost 
estimated by the CER above is accounted for by friction stir welding the barrel sections 
together. 
 
Table 8 lists and describes the elements of the new cost model used to estimate the ISC-
based costs that will be added to the PTIRS-estimated total fuselage cost to replace the 
tradition riveted skin-stringer cost. The second row of Table 8 shows the ISC forming cost. 
The third row shows the cost of friction stir welding the ISC barrel sections together. The 
rivet counts and riveting costs are still included in the new model, since frame rings are still 
attached to the ISCs partially by rivets. However, the total number of rivets is much lower, 
since stringers are integral to the ISCs. Also, automated riveting has been replaced with 
Refill Friction Stir Spot Welding (RFSSW) in the new cost model. Similar to the baseline 
case where half of rivets are assumed to be set robotically, in the ISC case, half of the 
attachments are assumed to be made with RFSSW and half via manual riveting, with no 
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attempt made to allocate the robotic portion to particular applications. Results shown are 
from the nominal case shown in the second row of the Results Summary (Table 14).  
 
 
 

Table 8. Cost Elements Applicable to ISC-based Configuration 

 
 
Table 9 shows the inputs to the model corresponding to the results above. The rightmost 
column in the table identifies the source for each input and the figures referenced in the table 
illustrate the inputs. 
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Table 9. Key Inputs Applicable to ISC-Based Configuration 

 
 
The thickness of post-formed ISC input represents the skin thickness of the ISC barrel assumed 
to be achieved by the ISC forming process, with no additional mechanical milling for thickness 
reduction. Reduction to the final min. thickness of chem-milled ISC is assumed to be achieved 
solely via chemical milling. The minimum thickness achievable via the ISC forming process 
has yet to be determined. However, should that minimum be thick enough to require 
mechanical milling to reach flight-weight skin thickness, additional research will be required 
to determine the cost impact. 
 
3.1.3. PRODUCTION LEARNING CURVE 

Although production learning curve experience for commercial transport aircraft is not 
generally publicized, available references indicated that a learning curve slope of 80% (i.e. unit 
cost is reduced by 20% with each doubling of quantity) is typical for airframe manufacturing. 
The PTIRS model estimates production costs by first estimating T1 costs and then estimating 
the cost of every production unit by the formula: Costn = T1 * n ^ log2(.80) where n is the 
production sequence number of the unit. Regarding the cost impact of replacing traditional 
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riveted skin stringer fuselage production with ISC-based production, both parts of the model 
estimate T1 costs for estimation of total production run cost impact, and both parts of the model 
propagate costs down the same 80% learning curve slope. While it might be tempting to hope 
that a new manufacturing technology such as ISC fuselage manufacturing might benefit from 
a steeper learning curve, historical precedent does not support this. In fact, looking across 
commodities (e.g. missiles, launch vehicles, electronics, ground vehicles, etc.), more highly 
automated manufacturing processes (e.g. integrated circuits) tend to exhibit less steep learning 
curve slopes. Typically, when a new product is developed, for example, a new aircraft family, 
an effectively new factory is set up to produce the new product. It may be in the same building 
as the factory for the last product, but it will have newly-designed workflows and modernized 
tooling. Although a Boeing 737-800-like configuration was adopted as the baseline, for cost 
estimating purposes, it was assumed that it would be a totally new, first-in-family aircraft, built 
in a new factory. However, examining a case in which ISC technology is inserted into an 
existing aircraft might be an interesting sequel to this study. 
 
3.2.  FUSELAGE NON-RECURRING DEVELOPMENT 

Estimates of non-recurring (NR) developmental costs assumed that such costs are driven by 
the size and complexity of the end-item, since no historical cost data exists for full-scale 
development of aircraft fuselages based on ISC technology. Fuselage-level ISC NR cost impact 
was scaled based on the cost reduction factor observed in fuselage production costs using the 
following simple equation:  
 

 
where 

ISC NR Cost Impact = the total cost added to or subtracted from the PTIRS-
estimated center fuselage NR cost 

Center Fuselage NR Cost = the PTIRS-estimated center fuselage NR cost  
ISC Production Cost Impact = The cost of fabricating and assembling the ISC-based 

center fuselage outer shell (as described in Section 
3.1.2) minus cost of fabricating and assembling the 
riveted skin-stringer based center fuselage outer shell 
(as described in Section 3.1.2) 

Center Fuselage Production Cost = the PTIRS-estimated center fuselage production cost 
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The following non-recurring tooling costs were also added: 
 8.7 FY22$M * 10 for ISC process machines [14] 
 $1.0 FY22$M * 10 for RFSSW weld heads (Rough Order of Magnitude estimate, 

assuming RFSSW weld heads can be built into existing automated rivet fixtures) 
 
3.3.  FUSELAGE MAINTENANCE 

Estimates of fuselage-level maintenance costs assumed that such costs are driven by the size 
and complexity of the end-item because, again, no historical cost data exist for maintenance of 
aircraft fuselages based on ISC technology. Additionally, the estimations are based on the 
center section of the fuselage, not the entire length and evolving shape of the whole fuselage. 
Fuselage-level maintenance cost impact was scaled based on the cost reduction factor observed 
in fuselage production costs using the following simple equation:  
 

 
where; 

ISC Maintenance Cost Impact = the total cost added to or subtracted from the 
PTIRS-estimated center fuselage maintenance cost 

Center Fuselage Maintenance Cost = the PTIRS-estimated center fuselage Maintenance 
cost 

ISC Production Cost Impact = The cost of fabricating and assembling the ISC-
based center fuselage outer shell (as described in 
Section 3.1.2) minus the cost of fabricating and 
assembling the riveted skin-stringer based center 
fuselage outer shell (as described in Section 3.1.1) 

Center Fuselage Production Cost = the PTIRS-estimated center fuselage production 
cost 

 
Additionally, ISC technology may impact heavy maintenance (D-check) intervals. 
Presumably, a unitized structure free of rivets and rivet holes might be less susceptible to 
fatigue and require less frequent inspection and repair.  D-check interval is a direct input to 
PTIRS, so sensitivity cases were run with D-check interval both increased from 96 to 108 
months and reduced to 84 months. 
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4. FUSELAGE PRODUCTION THROUGHPUT 

 
One possible benefit of ISC technology is the potential to improve factory throughput. A 
factory floor model was developed linked to PTIRS based on the principle that production time 
scales with effort required (staff-hours or tool-hours) divided by resources available (people or 
machines) and that resources available are constrained by factory floor space. 
 
The labor CERs described in the Fuselage Production section above estimate staff hours or 
tool hours which are translate to costs by applying a $/hr rate. For the production throughput 
model, the estimated staff or machine hours representing one fuselage shipset worth of effort 
for each manufacturing step were divided by the number of resources available – either people 
or machines – to get elapsed time. The unit-to-unit completion interval will be determined by 
the manufacturing step with the longest elapsed time (the bottle neck) since fuselages will be 
produced in a production line environment where numerous end items simultaneously proceed 
through the manufacturing steps. The goal was to maximize overall throughput (i.e. minimize 
unit-to-unit completion interval) by allocating factory floor space to different operations such 
that all manufacturing steps were completed in the same elapsed time (no bottle necks). 
 
The minimum unit-to-unit completion interval can be determined from known estimates of the 
effort required to complete each manufacturing step for a complete fuselage, knowledge of 
both the overall factory floor space constraint, and the amount of floor space required by each 
resource for each manufacturing step. Algebra yields the following equation: 
 

 

 Where 
t  = minimum unit-to-unit completion interval, hr 

n Table 10  

) 
ei = effort required to complete manufacturing step i for one fuselage, staff hr or 

machine hr 
fi = floor space required by one resource associated with manufacturing step i, ft2 

ff = total factory floor space, ft2 
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Table 10  

 simply to verify that the approach produces the calculated time interval given the factory floor 
space specified. 
 
The factory floor modeled does not include transportation aisles between operations, office 
space, restrooms, break areas, tool cribs, utility enclosures, etc. It does not include space for 
any operations other than construction of constant-cross-section fuselage outer shell and 
attachment of frames. All of these were assumed to be equal for either a tradition riveted skin-
stringer facility or an ISC-based facility. 
 
4.1.  TRADITIONAL RIVETED SKIN AND STRINGER 

The traditional riveted skin-stringer factory was modeled first, beginning with effort estimates 
from the CERs comprising the cost model for comparison. The floor space required was 
estimated for each resource associated with each manufacturing step based on factors such as 
machine size, workpiece size, or the maximum imaginable concentration of personnel 
performing a manufacturing step, as described in the Notes column of Table 10 and the inputs 
in Table 10. The factory floor space constraint shown at the bottom of  
 
 

Table 11 was adjusted such that the Maximum Elapsed Hr at the bottom of Table 10 equaled 
24.0, because the maximum throughput achieved at the Spirit AeroSystems plant in Wichita is 
31 shipsets per month [15], or roughly one every 24 hours. This gave established the 
representative baseline factory floor size.
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4.2.  ISC 

A modified version of the factory floor model was invoked once the effective factory floor 
constraint was established, which was driven by effort estimates from the CERs in the ISC-
based portion of the cost model. In this case, the factory floor space was held constant with the 
objective of determining the minimum unit-to-unit completion interval for a given factory size. 
 
This version of the model is shown Table 11 with rationale for resource floor sizing in the 
Notes column, additional inputs with rationale in Table 12, and supporting figures below. 
 
Two additional assumptions are embedded in the model: 
• ISC forming is done in-house 
• ISC rings arrive at factory annealed and ready for forming 
 

 

, the inclusion of ISC technology and the elimination of the majority of riveting operations has 
allowed factory space to be reallocated such that the unit-to-unit completion interval has been 
reduced to 16 hours or a throughput of 46.5 shipsets per month.  
 

 



29
 

Ta
bl

e 
12

. F
ac

to
ry

 T
hr

ou
gh

pu
t M

od
el

 A
pp

lic
ab

le
 to

 IS
C

-b
as

ed
 C

on
fig

ur
at

io
n 

1 O
ve

rh
ea

d 
he

ig
ht

 n
ee

ds
 to

 b
e 

m
or

e 
th

an
 tw

ic
e 

le
ng

th
 o

f f
or

m
ed

 c
yl

in
de

r 

2 To
 u

pp
er

 a
nd

 lo
w

er
 lo

be
s a

nd
 sp

lic
e 

(m
an

ua
l d

ril
lin

g 
an

d 
riv

et
in

g)
 

3  R
em

ai
nd

er
 o

f u
pp

er
 a

nd
 lo

w
er

 lo
be

 

St
ep

 
L

ab
or

 
(h

r)
 

M
an

ua
l 

W
or

ks
ta

t
io

ns
 

T
oo

l 
ho

ur
s 

(h
r)

 

T
ot

al
 

W
or

ks
ta

t
io

ns
 

E
la

ps
ed

 
T

im
e 

(h
r)

 
Fo

ot
pr

in
t 

pe
r 

W
or

ks
ta

tio
n 

(f
t2 ) 

T
ot

al
 

Fo
ot

pr
in

t 
(f

t2 ) 
N

ot
es

 

R
ec

ei
ve

/s
to

re
 c

yl
in

de
r 

bl
an

ks
 

--
 

--
 

--
 

38
 

0 
58

9 
22

,3
82

 
D

ia
m

et
er

 o
f r

in
g,

 3
 ft

 a
cc

es
s b

ac
k 

an
d 

si
de

s, 
15

 ft
 

lo
ad

in
g 

ac
ce

ss
 

Fo
rm

 IS
C

s 
--

 
--

 
18

 
1 

15
.6

 
1,

08
9 

1,
25

6 
Tw

o 
tim

es
 d

ia
m

et
er

 o
f r

in
g 

ba
se

d 
on

 M
T 

A
er

o 
ph

ot
og

ra
ph

 (F
ig

ur
e 

4)
 p

lu
s 4

 ft
 o

n 
ea

ch
 si

de
1 

H
ea

t t
re

at
 / 

cu
re

 
--

 
--

 
28

8 
18

 
15

.6
 

37
9 

6,
99

6 
Si

ze
 o

f f
or

m
ed

 c
yl

in
de

r p
lu

s 4
 ft

 o
n 

ea
ch

 si
de

 

M
as

k 
74

7 
48

 
--

 
--

 
15

.6
 

63
 

3,
02

6 
La

bo
r h

ou
rs

 fr
om

 [7
]; 

Si
ze

 o
f f

or
m

ed
 c

yl
in

de
r p

lu
s 

4 
ft 

on
 e

ac
h 

si
de

; 6
 p

eo
pl

e 
w

or
ki

ng
 p

er
 c

yl
in

de
r 

Pr
e-

et
ch

 
ha

nd
lin

g 
11

3 
7 

--
 

--
 

15
.6

 
63

 
45

7 
La

bo
r h

ou
rs

 fr
om

 [7
]; 

Si
ze

 o
f f

or
m

ed
 c

yl
in

de
r p

lu
s 

4 
ft 

on
 e

ac
h 

si
de

; 6
 p

eo
pl

e 
w

or
ki

ng
 p

er
 c

yl
in

de
r 

A
ci

d 
ba

th
 

--
 

--
 

8 
0 

15
.6

 
37

9 
18

5 
Et

ch
an

t r
at

e 
us

ed
 w

as
 0

.1
78

 c
m

/h
r [

16
] 

Po
st

-e
tc

h 
cl

ea
ni

ng
 

50
5 

32
 

--
 

--
 

15
.6

 
63

 
2,

04
3 

La
bo

r h
ou

rs
 fr

om
 [7

]; 
Si

ze
 o

f f
or

m
ed

 c
yl

in
de

r p
lu

s 
4 

ft 
on

 e
ac

h 
si

de
; 6

 p
eo

pl
e 

w
or

ki
ng

 p
er

 c
yl

in
de

r 
D

ry
/s

to
re

 
--

 
--

 
14

4 
9 

15
.6

 
37

9 
3,

49
8 

Si
ze

 o
f f

or
m

ed
 c

yl
in

de
r p

lu
s 4

 ft
 

Fo
rm

 
gu

ss
et

s 
1,

27
3 

82
 

--
 

--
 

15
.6

 
36

 
2,

93
5 

La
bo

r h
ou

rs
 fr

om
 [7

]; 
es

tim
at

ed
 fo

ot
pr

in
t (

6 
ft 

x 
6 

ft)
 

A
tta

ch
 

fr
am

es
2 

 
2,

65
8 

17
0 

--
 

--
 

15
.6

 
62

 
10

,4
71

 
La

bo
r h

ou
rs

 fr
om

 [7
]; 

A
ss

um
e 

riv
et

er
 te

am
s s

pa
ce

d 
6  

ft 
ap

ar
t w

ith
 4

 ft
 o

n 
ei

th
er

 si
de

 o
f f

us
el

ag
e 

w
ith

 4
 

ft 
fo

r o
ut

si
de

 p
er

so
n 

R
FS

SW
 

--
 

--
 

78
8 

50
 

15
.6

 
76

9 
38

,7
90

 
La

bo
r h

ou
rs

 fr
om

 [7
]; 

si
ze

 o
f c

yl
in

de
r p

lu
s 4

 ft
 a

t 
ea

ch
 e

nd
 a

nd
 7

 ft
 o

n 
ea

ch
 si

de
 

B
ut

t j
oi

n 
se

ct
io

ns
 

(F
SW

) 
--

 
--

 
42

 
3 

15
.6

 
1,

45
6 

3,
96

1 
Si

ze
 o

f I
SC

 p
or

tio
n 

of
 fu

se
la

ge
 p

lu
s 4

 ft
 o

n 
ea

ch
 

si
de

 a
nd

 e
nd

 

To
ta

l 
5,

29
6 

33
9 

1,
28

8 
12

1 
17

2 
--

 
96

,0
00

 
 



30
 

Ta
bl

e 
13

. T
ec

hn
ic

al
 In

pu
ts

 A
pp

lic
ab

le
 to

 F
ac

to
ry

 T
hr

ou
gh

pu
t i

n 
Tr

ad
iti

on
al

 C
on

fig
ur

at
io

n 

V
al

ue
 

D
es

cr
ip

tio
n 

R
at

io
na

le
 

15
.6

 
C

al
cu

la
te

d 
pe

r-
fu

se
la

ge
 ti

m
e 

fo
r a

ll 
st

ep
s i

f n
on

-in
te

gr
al

 p
eo

pl
e 

or
 

w
or

ks
ta

tio
ns

 a
llo

w
ed

 (h
r)

 
B

as
ed

 o
n 

fa
ct

or
y 

si
ze

, e
st

im
at

e 
to

ta
l l

ab
or

 
ho

ur
s, 

an
d 

to
ol

 h
ou

rs
 a

bo
ve

 

31
 

N
um

be
r o

f f
us

el
ag

es
 w

or
th

 o
f m

at
er

ia
l s

to
re

d 
(1

 m
on

th
 p

ro
du

ct
io

n)
 

31
 s

hi
ps

et
s 

pe
r 

m
on

th
 w

hi
ch

 i
s 

st
at

ed
 

ca
pa

ci
ty

 o
f S

pi
rit

 fa
ci

lit
y 

[1
5]

 

6 
H

ei
gh

t o
f s

to
ra

ge
 b

ay
 fo

r e
ac

h 
ty

pe
 o

f b
la

nk
 sk

in
 p

an
el

 (f
t) 

2 
ft 

10
 i

n 
bl

an
k 

rin
g 

ra
di

us
 w

ith
 1

0 
ft 

fin
is

he
d 

le
ng

th
, s

ca
le

 b
y 

re
qu

ire
d 

fin
is

he
d 

le
ng

th
 a

nd
 a

dd
 3

 ft
 fo

r v
er

tic
al

 c
le

ar
an

ce
 

30
 

H
ei

gh
t o

f s
to

ra
ge

 ra
ck

s (
ft)

 
B

as
ed

 o
n 

[5
] 

3 
Em

pi
ric

al
 fo

rm
in

g 
tim

e 
of

 5
 ft

 IS
C

, d
ou

bl
ed

 fo
r l

ar
ge

r e
nd

 it
em

, a
nd

 se
t u

p,
 

fix
tu

rin
g 

an
d 

re
m

ov
al

 (h
r)

 
N

A
SA

 c
om

m
un

ic
at

io
n 

[1
3]

 

48
 

N
um

be
r o

f r
in

g 
fr

am
e 

se
gm

en
ts

 re
qu

ire
d 

fo
r 1

0 
ft 

IS
C

 fu
se

la
ge

 
N

A
SA

 c
om

m
un

ic
at

io
n 

[1
3]

 
40

0 
FS

W
 w

el
di

ng
 sp

ee
d 

(m
m

/m
in

) 
N

A
SA

 c
om

m
un

ic
at

io
n 

[1
3]

 
8 

Ti
m

e 
to

 se
t u

p 
ea

ch
 F

SW
 ru

n 
(h

r)
 

N
A

SA
 c

om
m

un
ic

at
io

n 
[1

3]
 



 
 

 
 

Figure 4. ISC forming machine. 

5. ISC AIRCRAFT DOC+I ESTIMATES 

ISC Aircraft DOC+1 includes estimates of investment cost, fuselage manufacturing cost, and 
impact on manufacturing throughput. The plan for this study was to estimate life cycle costs 
for a 737-800-like baseline aircraft, developed and manufactured as a new, first-in-family 
model, and operated according to a 737-800-like operating scenario (fleet size, utilization rate, 
economic range, etc.). Additionally, numerous sensitivity studies were performed to examine 
how the cost and production throughput models respond to variations in key inputs and 
assumptions. 
 
5.1.  GROUND RULES AND ASSUMPTIONS 

The following ground rules and assumptions have been incorporated in this study: 
 

 Fuel cost is assumed to be $2.03/gal (FY20) which is the historical average cost for 
fuel across all 737-800 operations (Ref. 15). 

 Cost calculations are based on worldwide fleet size for the 737 Next Generation family: 
6,600 aircraft, plus spares. 
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 Utilization in flights per year is calculated based on worldwide average daily usage: 
3.4 hr/day for single aisle aircraft (Ref 11). 

 All baselines and technology-enhanced concepts have been assumed to be new designs 
(no design reuse) for non-recurring cost estimating. 

 The cost of capital is assumed to be 10% per year (Ref. 18). 

 Technology maturation costs prior to full-scale development are excluded. 

 Not included in analysis – assumed to be the same for baseline and ISC cases: 
o Nose and tail (non-constant cross section) 
o Landing gear attachment and housing structures 
o Wing carry-through structure 
o Windows, doors, and associate reinforcements 
o Any attachment fittings or equipment brackets other than gussets used to attach 

frames to stringers 
o Forming of the frames (although attachment of frames to stringers and skins is 

included) 
o Coatings, membranes, or adhesives applied between skin sections 

 Rivet spacing is globally assumed to be 1 in based on drawings of 737 skin-stringer 
structure (Ref. 1). 

 The factory floor modeled does not include transportation aisles between operations, 
any operations other than construction of constant-cross-section fuselage outer shell 
and attachment of frames, office space, restrooms, break areas, tool cribs, utility 
enclosures, etc. All are assumed to be equal for either the traditional or ISC case. 

 ISC forming is done in-house. 

 ISC rings arrive at factory annealed and ready for forming. 

 Post-forming machining cost for ISC is equivalent to any cutting, trimming and 
additional structural element site preparation required in skin-stringer manufacturing 
and not estimated as a cost impact. 
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 The minimum thickness achievable by the ISC process is assumed to be thin enough 
that flight-weight skin thickness can be reached by chemical milling only, without 
additional mechanical milling. 

 Chem-mill masking is represented by a uniform grid of 4 in wide strips, one for each 
stringer and one for each frame. 

 Although a 737-800-like configuration was adopted as a baseline, for cost estimating 
purposes it is assumed that the aircraft will be a totally new, first-in-family aircraft, 
built in a new factory. 

 A learning curve slope of 80% (i.e. unit cost is reduced by 20% with each doubling of 
quantity) is applied to all airframe hardware including ISCs (Refs. 16 and 17). 

 All elements of production cost assumed to start at T1 (for flight test aircraft). 
 

5.2.  ESTIMATES FOR NASA-GENERATED CONFIGURATIONS 

Table 14 shows the cost and factory throughput results for the baseline configuration, and all 
the ISC-based analyses performed. 
 
The first column describes each sensitivity case. The second column shows the DOC+I per 
seat-mile impact of ISC technology for each case at the 50th percentile confidence level. The 
50th percentile level has been used throughout this figure because the purpose of the figure is 
to convey the notion that either the ISC concept does or does not show promise. Probability 
distributions for each sensitivity case are provide in the Appendix should higher confidence 
levels be of interest to support future go/no go decisions. 
 
The third column shows the probability of a cost reduction. The fourth column shows the 
impact on total investment cost at the 50th percentile confidence level. Total investment cost 
includes the complete cost of development and flight testing, as well as the production cost of 
all aircraft of the model in the world-wide fleet. The fifth column focuses on the fuselage T1 
production cost at the 50th percentile confidence level. The sixth column shows the impact on 
production throughput in terms of shipsets per month at the 50th percentile confidence level. 
The seventh and final column shows the fuel burn impact in terms of seat-miles per gallon at 
the 50th percentile confidence level for cases in which a weight impact was specified. 
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The first row in Table 14 shows the absolute costs and fuselage manufacturing throughput for 
the 737-800 baseline. The remaining rows show the relative impact of ISC technology for 
various assumption sets. 
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5.3.  SPECIFIC CASES 

The Basic ISC case in the first row of Table 14 corresponds to the stated assumptions from the 
Ground Rules and assumptions section. 
 
The next five cases explore scenarios in which incorporation of ISC technology resulted in 
either a weight reduction or a weight increase to the constant-cross-section portion of the 
fuselage outer shell. The direct cost of outer shell weight changes in ISC-based fuselages 
versus skin-stringer fuselages was captured by varying stringer width in the ISC case. For the 
nominal case, the stringer width was set such that the total estimated weight (based on simple 
geometry) of the ISC fuselage shell was equal to the estimated weight of the skin-stringer outer 
shell. For cases where the ISC weight was assumed to be more or less than the skin-stringer 
weight, stringer width ISC stringer width was adjusted to achieve the desired weight impact. 
In addition, the PTIRS weight resizing module [19] was enabled, resulting in weight changes 
rippling throughout the overall aircraft This led to magnified swings in DOC+I impact, 
investment cost impact, and fuel burn impact. 
 
The following two cases examine the potential impacts of changes in heavy maintenance 
interval. As would be expected, the impact on direct operating cost is noticeable. Less obvious 
is the impact on investment cost. Changes in the heavy maintenance interval causes changes 
in investment cost because decreasing the heavy maintenance causes the total required 
inventory of aircraft to increase because more aircraft are tied up in maintenance at any given 
time. Conversely, increasing the heavy maintenance interval causes the total required inventory 
of aircraft to decrease. 
 
The next case looks at joining the ISC barrels together via rivets rather than friction stir 
welding. This results in decreased total investment and fuselage production T1 costs as well as 
increased factory footprint because riveting appears to be less costly and less floor space-
intensive that friction stir welding for very large assemblies. 
 
The following two cases examine the impact of varying the cost of RFSSW.  Estimates of the 
per-weld cost of RFSSW were available to NASA but were not released for use in time to 
support this study. However, it can be said that the cost of a friction stir weld could be related 
to the cost of a drilled and set rivet by a factor somewhere between 0.0 and 1.0. In the nominal 
case, this factor was assumed to be 0.5 but in these two cases, decreasing this assumed factor 
to 0.2 and increasing it to 0.8 were examined. A large throughput increase was observed for 



37 

spot-weld-versus-rivet factor of 0.2 due to a significant reduction in number of spot-welding 
workstations which freed up vast amounts of floor space for other operations. 
 
Similarly, the next two cases examine the impact of varying the assumed thickness of the post-
formed ISC skins. The nominal assumption was 0.125 in thick. In these two cases, decreasing 
the achievable post-formed thickness first to 0.072 in and then to 0.036 in was examined. 
Decreasing to 0.072 in had no perceptible impact. However, decreasing to 0.036 in represents 
the case where sections emerge from the ISC forming process at “net shape”, ready for 
assembly, with no chemical milling required to meet the weight-driven thickness requirement 
of 0.036 in. This created significant benefits in both cost and production throughput. 
 
The last two cases examine the impact of altering the baseline, riveted skin-stringer case by 
varying the percentage of rivets assumed to be set robotically rather than manually. The 
baseline assumption was 50% based on a statement in Spirit AeroSystems’ 2022 First Quarter 
Report [15]. The 50% assumption was varied to 75% of rivets set robotically, and then 98% of 
rivets set robotically. Both cases lower the apparent ISC cost reductions because the baseline 
cost of the riveted skin-stringer case is decreased. However, both cases increased the relative 
production throughput benefit, implying that manual riveting is more efficient relative to floor 
space than robotic riveting. 
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6. CONCLUSIONS 

 
The conclusions from this Advanced Metallic Fuselage Cost study are as follows: 

 ISC technology has a high probability of reducing overall Direct Operating Costs + 
Investment (DOC+I) if the technology does not cause weight increases or maintenance 
interval decreases. However, the potential magnitudes of DOC+I reductions are 
relatively small. 

 ISC technology has a very strong potential for increasing factory throughput 
significantly given constrained factory floor space. This potential alone makes this 
technology attractive and warrants much more detailed data collection and research, 
ideally with the direct involvement of industrial partners. 

 While the ISC technology alone shows cost and throughput benefits, a significant 
portion of the cost and throughput benefits observed in this study depend on the cost 
benefit of RFSSW relative to drilling and robotic riveting. This area requires and 
deserves more research, ideally with the direct involvement of industrial partners. 

 Weight reductions from ISC technology could increase both DOC+I and investment 
cost benefits significantly. 
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